Increases in the intensity of disturbances in coastal lagoons can lead to shifts in vegetation from aquatic angiosperms to macroalgal or phytoplankton communities. Such abrupt and discontinuous responses are facilitated by instability in the equilibrium controlling the trajectory of the community response. We hypothesized that the shift in macrophyte populations is reversible, and that this reversibility is dependent on changes in the pressures exerted on the watershed and lagoon functioning. Biguglia lagoon (Mediterranean Sea, Corsica) is an interesting case study for the evaluation of long-term coastal lagoon ecosystem functioning and the trajectory of submerged macrophyte responses to disturbances, to facilitate the appropriate restoration of ecosystems. We used historical data for a two hundred-year period to assess changes in human activities on the watershed of the Biguglia lagoon. Macrophyte mapping (from 1970) and monitoring data for dynamics (from 1999) were used to investigate the trajectory of the community response. The changes observed in this watershed included a large number of hydrological developments affecting salinity and resulting in changes in macrophyte distribution. Nutrient inputs over the last 40 years have led to a shift in the aquatic vegetation from predominantly aquatic angiosperm community to macroalgae and phytoplankton in 2007 (dystrophic crisis). Changes in hydrological management and improvements in sewage treatment after 2007 led to a significant increase of aquatic angiosperms over a relatively short period of time (4-5 years), particularly for Ruppia cirrhosa and Stuckenia pectinata. There has been a significant resurgence of Najas marina, due to changes in salinity. The observed community shift suggests that Biguglia lagoon is resilient and that the transition may be reversible. The restored communities closely resemble those present before 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
Introduction 49 50
Coastal lagoons provide essential ecosystem services and have a high economic 51 potential (Kjerfve, 1994) . They are intrinsically unstable due to their transitional location 52 between continental and marine biota, morphodynamics and environmental factors, 53 potentially resulting in profound spatiotemporal changes in physical, chemical and biological 54 conditions (Barnes, 1980; Bird, 1994 difficult to distinguish between them and, thus, to determine the nature of the anthropogenic 63 stress (Jennerjahn and Mitchell, 2013) . Increases in disturbance intensity and abrupt changes 64 in disturbances can lead to persistent radical changes, resulting in the dominance of one or a 65 few species (Folke et al., 2004; Cloern and Jassby, 2012) . Folke et al. (2010) characterized the 66 dynamics of complex social-ecological systems by studying three aspects: resilience, 67 adaptability and transformability. Changes in system dynamics are referred to as regime 68
shifts, and such shifts may be reversible or irreversible (Scheffer et al., 2001) . Abrupt and 69 Garrido et al., 2013). They can be used as bioindicators of ecosystem health, because they 76 display community-level responses to nutrients in the water, in terms of species diversity, 77 structure and cover density . Eutrophication can lead to vegetation 78
shifts, described as a transition between alternative states, from pristine slow-growing benthic 79 interactions between these factors. Primary producer succession may be strongly favored or 97 prevented by water residence time (Flindt et al., 1997) , as described by Valiela et al. (1997) of the natural resources of the island after its acquisition (Caratini, 1995 Lagunaire) can be used to assess the eutrophication status of lagoons (Souchu et al., 2010) . we collected subsamples of water (80 mL), which were stored in polyethylene bottles at -216 20°C until nutrient analysis. DIN and DIP concentrations were determined by manual 217 colorimetric methods, as described by Aminot and Kérouel (2004) . Total nitrogen and total 218 phosphorus concentrations were determined by wet oxidation and automated colorimetry 219 
Statistical analysis 270
We used XLStat® V2011 5.01 statistical software for comparisons. We used 271 
Environmental data 294
The number of inhabitants of the Biguglia watershed remained relatively small and 295 constant from the early 19 th century to the mid-20 th century (about 2,000 inhabitants; Table 1 ). 296
However, whereas farmland accounted for less than 40% of the watershed in the late of 18 th 297 century, it accounted for more than 80% at the end of the 19 th century (Table 1 ). The number 298 of inhabitants has increased considerably since 1970 (reaching about 25,000 in 2011), and this 299 increase was associated with an increase in the size of urban areas and a decrease in the areas 300 covered by farmland or forests and shrublands (Table 1) Table 2 ). In the northern basin, salinity, turbidity and ammonium 311 concentration varied from year to year ( Fig. 2 ; Table 2 ). In the southern basin, interannual 312 variation was observed for a larger number of parameters, including salinity, turbidity, 313 nitrates, ammonium, total nitrogen, total phosphorus and chlorophyll a concentrations ( Fig. 2 ; 314 Table 2 ). Significant differences were observed for many parameters in 2007 ( Fig. 2 ; Table  315 2). In the summer of 2007, Biguglia lagoon suffered a dystrophic crisis associated with the 316 massive development of a potentially toxic cyanobacterium, Anabaenopsis circularis (G.S. 317
West) Woloszynnska & V. Miller (IFREMER data). In the other years, significant differences 318
were observed for only one or two parameters, which were influenced by very large peaks 319 (e.g. peak in 2014 for nitrates in the southern basin; Fig. 2 ; Table 2 ). 320 321
Macrophyte mapping and monitoring of dynamics 322
The map produced by De Casabianca et al. (1973) for 1972-1973 revealed a 323 predominance of aquatic angiosperms (84% of the total lagoon area; Table 3 ). Four aquatic 324 angiosperms were present in Biguglia lagoon: Zostera noltei Hornemann close to the sea 325 channel in the north, Ruppia cirrhosa and Stuckenia pectinata throughout the lagoon and 326
Najas marina in the southern basin. Ulva sp. was also present, but with a low prevalence. 327
Conversely, in 1991 (Frisoni and Dutrieux, 1992) , Ulva sp. occupied 65% of the total area of 328 the lagoon, with aquatic angiosperms covering only 51% (Table 3 ). In 1991, two aquatic 329 angiosperm species were encountered (Ruppia maritima Linnaeus and Stuckenia pectinata). 330
Aquatic angiosperm levels were lowest in 1999 , when these plants 331 covered only 13% of the total area, whereas Ulva sp. and Gracilaria sp. covered 7% of the 332 lagoon (Table 3) . Four aquatic angiosperms were present in Biguglia lagoon: Zostera noltei 333 close to the sea channel, Ruppia cirrhosa (95% of the aquatic angiosperms present) and 334
Ruppia maritima throughout the lagoon, and Stuckenia pectinata, mostly in the south-western 335 part of the lagoon. Najas marina was not observed in 1999. In 2010, analysis of the Biguglia 336 lagoon map revealed a predominance of aquatic angiosperms (62% of the total area; Table 3) , 337 mostly in the southern basin for Najas marina (17%), throughout the lagoon for Ruppia 338 cirrhosa and/or Stuckenia pectinata (40%), and in the southern basin for mixed aquatic 339 angiosperms (5%; Stuckenia pectinata and Najas marina; Fig. 3 ). Macroalgal formations were 340 observed mostly in the northern basin (14%), in the form of tufts within the Ruppia cirrhosa 341 meadows ( Fig. 3; Table 3 ). Posidonia oceanica, an exclusively marine species, was found 342 only as litter, close to the points of communication with the sea and partly blocking the 343 connecting channel (Fig. 3) . 344
The monitoring of macrophyte dynamics between 1999 and 2014 showed interannual 345 variability in aquatic angiosperm coverage (Fig. 4) . Essentially, two species were encountered 346 (Fig. 4) . Gracilaria gracilis was present in 2012, 359 notably in the northern basin, whereas Gracilaria bursa-pastoris (S.G.Gmelin) P.C.Silva was 360 found throughout the lagoon in 2014. In these years, Neosiphonia sertularioides, 361
Chaetomorpha aerea (Dillwyn) Kützing and Cladophora vagabunda (Linnaeus) Hoek were 362 also sampled (Fig. 4)  363   364 
Relationships between environmental and macrophyte data 365
The PCA analysis was performed on 9 active variables (chlorophyll a, DIP, DIN, 366 turbidity, dissolved oxygen, salinity, cover percentages for macroalgae, Ruppia cirrhosa and 367 Stuckenia pectinata). NH 4 , NO 2 and NO 3 were considered to be illustrative variables because 368 they were highly correlated with DIN (Spearman, p<0.5; r=0.81, 0.77, 0.77, respectively). TN 369 and TP were not retained in the analysis because of missing values in 1999 and 2009, and 370 because these variables were significantly correlated with chlorophyll a levels (Spearman, 371 p<0.5; r=0.61, 0.50, respectively). The first two principal components (PC) accounted for 372 57.58% of the total variance (PC1: 23.76%, PC2: 33.82%; Fig. 5a ). Turbidity and chlorophyll 373 a concentration contributed to the construction of PC1 with strong negative correlations 374 (loadings: -0.91, -0.87, respectively; Fig. 5a ), probably largely due to the production of 375 phytoplankton. By contrast, a positive correlation was observed for salinity (loading: 0.70), 376 but this variable made a smaller contribution to PC2 (Fig. 5a) . PC2 was positively correlated 377 with DIP and negatively correlated with Stuckenia pectinata coverage (loadings: 0.70 and -378 0.67, respectively). 379
The graphical locations of stations centroid in the plane formed by the PC1-PC2 axes 380 highlights the opposition between the two basins along the first axis, with higher 381 eutrophication and lower salinity levels for the southern basin (Fig. 5b) . PC2 was driven by 382 changes in DIP and Stuckenia pectinata coverage levels over time in the southern basin. to salinity fluctuations, and is typically found in coastal lagoons (Verhoeven, 1979; 487 Menéndez, 2002) . In Europe, Ruppia cirrhosa grows in water with salinities of 3 to 100 PSU 488 (Verhoeven, 1979) . This remarkable tolerance to salinity variations makes Ruppia cirrhosa a 489 good bioindicator for coastal lagoons, because salinity fluctuations are unlikely to be 490 responsible for major changes and discontinuities in the community. Stuckenia pectinata was 491 found only in the center and south of the lagoon, and the area occupied by this species 492 decreased from 1970 to 2007. This species is a perennial annual submerged pondweed with 493 large numbers of long narrow leaves. It grows on sediments in still or flowing eutrophic fresh 494 water, lakes, rivers and in brackish lagoons (Menéndez and Comin, 1989) . Najas marina was 495 present in the 1970s but disappeared from the lagoon in the 2000s, undoubtedly due to 496 changes in salinity. Najas marina is widespread at the freshwater to slightly oligohaline end 497 of the salinity gradient, in ponds, lakes, coastal and inland marshes, although it is generally 498 found at lower abundances in these environments (Handley and Davy, 2002) . In addition to 499 the significant impact of nitrogen inputs in Biguglia lagoon, the north-south salinity gradient 500 has also clearly affected the distribution of aquatic angiosperms. The northern basin is 501 consistently saltier than the southern basin, due to the input of salt water via the 502 communication channel with the sea (short residence time; mostly Zostera noltei and Ruppia 503 cirrhosa). The southern basin is less salty and more confined, with a longer water residence 504
time (mostly Ruppia cirrhosa, Stuckenia pectinata and Najas marina). 505
By contrast to aquatic angiosperms, the populations of macroalgae increased 506 considerably during the 1970-2007 period (Fig. 6 ). Under conditions of nutrient excess and 507 high turbidity, there is a shift in species composition from aquatic angiosperms to the 508 dominance of opportunistic macroalgae (Schramm, 1999; Viaroli et al., 2008) . This situation 509 reflects the efficiency of nutrient assimilation by these opportunistic macroalgae (Duarte, 510 1995) . Opportunistic macroalgae have lower light requirements for growth than rooted 511 aquatic angiosperms (Hemminga and Duarte, 2000) , and the displacement of aquatic 512 angiosperms seems to be induced principally by nitrogen, rather than by phosphorus 513 (Touchette and Burkholder, 2000) . Ulva sp. was present at low frequency in 1970, and 514
Gracilaria dura, Ulvaria obscura and Ulva sp. populations developed in the early 2000s (Fig.  515   6) . The increase in the populations of these macroalgae and their subsequent decomposition 516 may have resulted in anoxic conditions unfavorable for aquatic angiosperms (Coffaro and 517 Bocci, 1997). A qualitative shift from the pristine aquatic angiosperm community to 518 macroalgal blooms in Mediterranean lagoons until the mid-1970s has been demonstrated, 519
with aquatic angiosperm populations decreasing in nutrient-rich waters (Viaroli et al., 2008) . 2007, the abundance of aquatic angiosperms increased in this lagoon (Fig. 6) , particularly for 562
Ruppia cirrhosa across the lagoon, and Stuckenia pectinata in the south, with a resurgence of 563 Najas marina in the southern basin of the lagoon (low salinity). The macroalgae Gracilaria 564 bursa-pastoris and Gracilaria dura appeared during this period, but only in a small area (Fig.  565   6) . The point at which a system shifts from one state to another depends on the external 566 nutrient load and the water exchange time (Dahlgren and Kautsky, 2004) . Primary producer 567 succession is often favored by hydrological and hydrodynamic conditions, such as currents 568 and flushing, which disperse the phytoplankton community (Flindt et al., 1997) . In the system 569 studied here, such hydrological management measures improved the quality of the water 570 column, favoring the development of aquatic angiosperms over a relatively short period of 571 time (4-5 years). Biguglia lagoon seems to be very resilient, and the shifts observed may be 572 reversible. Improvements in wastewater treatment in the watershed, to decrease nutrient 573 inputs, will also be essential, to prolong the effects of these management efforts and to allow 574 the system to recover. 575
In conclusion, Biguglia lagoon remains vulnerable to sporadic shifts, due to several 576 factors: (i) hydrological management of the watershed and the communication channel with 577 the sea, with effects on salinity, (ii) nutrient inputs from the watershed, (iii) natural climatic 578 phenomena (rainfall, wind) or climate change (Lloret et al., 2008) . As evidence of ecosystem 579 degradation accumulates, it is often difficult to distinguish between natural variations of the 580 state of the ecosystem and human-induced changes. We used long-term (two hundred years) 581 historical data to determine the pattern of change in human activities on the watershed of 582
Biguglia lagoon, including the many hydrological developments affecting salinity and, thus, S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 Table 3  910 
